The physical environment in injury, repair, and fibrosis
Tissue injuries of widely varying origins, including chemical, mechanical, or microbiological, initiate the processes that ultimately result in fibrosis. No matter the source, tissue injury inevitably disrupts the mechanical homeostasis that underlies normal tissue architecture and function (ref. 4 and Figure 1 ). While the initiation of injury may therefore be nonmechanical in nature, the physical effects are often profound. For example, chemical injury to the liver or lung generates necrotic and apoptotic death in tissue-residing cells, leading to release of acute injury signals and recruitment of innate immune cells (5, 6) , which themselves experience mechanical signals during tissue recruitment (7) . These processes alter local vascular permeability, promoting the leakage of circulating fluid-phase components and further cellular recruitment. Inflammatory signals and cytokines released in the setting of injury, such as TGF-β and TNF-α, prompt cytoskeletal remodeling that alters cell-generated forces and cellular mechanical properties (8) (9) (10) . Interstitial fluid accumulation, amplified by deposition of woundassociated glycosaminoglycans such as hyaluronic acid, further distends the interstitial matrix (11) . The nonlinear and strain-stiffening properties of biological materials translate tissue swelling and distention into a shift to a higher stiffness regime, without the need for new matrix deposition (12, 13) . Hyaluronic acid and other matrix components provide a mechanically advantageous environment for cell activation (14) . Gradients in mechanical properties within tissue may augment recruitment of cells through a process termed durotaxis (15) . Thus, acute injury responses are inextricably linked to physical cellular and tissue-level changes, likely accounting for the early changes in tissue stiffness that are often observed prior to the de novo deposition of ECM (16) .
The transition from a reparative to a fibrotic response likely arises from a failure or inability to resolve and repair injury. While multiple explanations for this transition have been offered (17, 18) , mechanical forces are likely instrumental. For instance, while changes in vascular permeability evolved to mitigate acute injuries and initiate protective and reparative processes, failure to resolve such acute responses in a timely fashion imposes persistent aberrant mechanical states that play important roles in propagating injury and pathological remodeling (4, 19) . Similarly, in dermal wound healing, tissue repair ultimately decreases stresses in the wound bed, allowing activated myofibroblasts to undergo apoptosis or return to a more quiescent state (20, 21) . In contrast, wound splinting, which prevents dermal contraction, or exposure to chronic mechanical stresses maintains myofibroblast activation, impedes healing, and enhances scar formation. Shielding the wound from stress with load-reducing bandages improves healing (22, 23) . While tissue-specific differences in skin and solidorgan wound healing exist, it is notable that myofibroblasts in the liver also revert to a more quiescent state during the resolution of fibrotic liver scarring (24) . Such resolution processes promote the Tissue injury disrupts the mechanical homeostasis that underlies normal tissue architecture and function. The failure to resolve injury and restore homeostasis gives rise to progressive fibrosis that is accompanied by persistent alterations in the mechanical environment as a consequence of pathological matrix deposition and stiffening. This Review focuses on our rapidly growing understanding of the molecular mechanisms linking the altered mechanical environment in injury, repair, and fibrosis to cellular activation. In particular, our focus is on the mechanisms by which cells transduce mechanical signals, leading to transcriptional and epigenetic responses that underlie both transient and persistent alterations in cell state that contribute to fibrosis. Translation of these mechanobiological insights may enable new approaches to promote tissue repair and arrest or reverse fibrotic tissue remodeling. Targeting ECM to prevent and reverse fibrotic remodeling. Despite uncertainty about the potential to resolve established scar tissue, multiple efforts to target the matrix have been pursued. Uterine fibroid tissue, characterized by abundant fibrillar collagens, has shown impressive mechanical responsiveness to injection of a purified bacterial collagenase (35) . While this approach is potentially useful for focal and accessible fibrotic tissues, it may be difficult to apply to organs with diffuse scarring. The lysyl oxidase (LOX) family of enzymes plays important roles in collagen cross-linking, contributing to both the mechanical properties and degradation resistance of collagen-rich matrices. Preclinical models reveal an impressive reduction in tissue stiffness and fibrosis with use of the nonspecific LOX inhibitor β-aminopropionitrile (BAPN) (36, 37) . Strategies to target LOXL2, a family member more selectively expressed in pathological contexts, show promise in preclinical fibrosis models (37) (38) (39) , but have so far proven disappointing in clinical trials (40) . Beyond LOX family members, transglutaminase and nonenzymatic cross-linking via glycation may also contribute to collagen stabilization and matrix stiffening (41, 42) .
While matrix-targeting concepts show some promise, these approaches face important barriers. They will likely require targeted delivery or selective activity on constituents and processes that are specific to pathological matrix remodeling in order to avoid deleterious effects on unaffected organs and tissue regions. Moreover, while the effort to arrest or reverse fibrotic matrix deposition is a worthy goal in itself, true tissue repair requires not only arrest of fibrosis, but also restoration of a functional and homeostatic ECM in the place of fibrotic scar. In pursuit of this goal, attention to the programs that control cellular deposition of ECM appears warranted. Combining the methods of ECM proteomics (43) with in vivo and in vitro methods to study cell-associated (44) and disease-associated matrices (45) may provide tools to elucidate how cells alter ECM composition, signaling function, and mechanical normalization of tissue mechanical properties and restoration of homeostasis. While the liver has regenerative capacities to restore both architecture and mechanical properties even after progression to a fibrotic state (5), the extent to which fibrosis remains truly reversible in other organs remains controversial (25) .
The ECM provides mechanical context for fibrotic remodeling. Whatever the causes of failed resolution, the mechanical environment in fibrotic scar tissue progresses inexorably toward a profoundly altered state characterized by increased tissue stiffness (26) . This fibrotic, stiff matrix is also functionally implicated in promoting fibroblast activation, potentially generating feedback loops that propagate ECM deposition and fibrotic tissue remodeling (27) . The dramatic increases in tissue stiffness are linked to fibrillar collagen deposition and cross-linking (26) , with evidence from decellularized human lungs suggesting only modest direct mechanical contributions from cellular constituents (28) . Notably, mimicking the physical and biochemical tissue environment present in mature fibrosis by culturing cells on decellularized matrices recapitulates cellular phenotypes in the fibrotic lung, suggesting that context plays a prominent role in defining cellular phenotypes in adherent cells (29, 30) . Thus, the matrix likely contributes to the sustained cellular activation that promotes disease progression through both biochemical and mechanical signals (31) . While reductionist two-dimensional hydrogel models have been instrumental in illuminating stiffness-dependent cell activation, tissue ECM is inherently more complex, and more sophisticated models, including those that incorporate true 3D geometry (32, 33) , are likely to provide additional insights. Despite the growing appreciation of the mechanical signals provided by the ECM, major questions remain regarding the evolution of the matrix's mechanical milieu, particularly during the transition from normal injury repair to fibrosis, and the extent to which such changes are reversible along this continuum (34) . This schematic shows a prototypical interstitial ECM compartment bounded by endothelial and epithelial barriers. At homeostasis, reciprocal interactions between these compartments maintain tissue integrity and function. Injury alters mechanical homeostasis via barrier compromise (endothelial and epithelial disintegrity), cell invasion, cell-generated forces, elevated externally applied stretch, shear, and pressure, as well as ECM deposition, compositional changes, and interstitial pressure changes. While transient perturbations of mechanical homeostasis promote fibroblast functions essential to normal wound healing, impaired healing or failure to resolve injury can lead to a persistently altered mechanical environment. In the absence of restoration of normal homeostatic mechanical and intercellular interactions, matrix stiffening promotes persistent cellular dysfunction and activation, leading to ongoing cycles of matrix deposition and stiffening.
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jci. (55), thereby preventing the "activation" or transdifferentiation of HSCs into fibrogenic myofibroblasts, key mediators of hepatic fibrosis. Studies suggest that LSECs are also capable of reverting HSCs from an activated to a quiescent phenotype through a nitric oxide-dependent pathway downstream of the mechanosensitive transcription factor Krüppel-like factor 2 (KLF2) (56) . Similar homeostatic epithelial signals in the lung are thought to underlie maintenance of fibroblast quiescence (57-59), while endothelial-derived angiocrine signals are implicated in lung regeneration and fibrosis (60) . Aberrant mechanical activation may underlie persistently altered endothelial and epithelial cell states in fibrosis. For example, vascular leakage and vasculopathies are implicated in fibrosis (61, 62) , and vascular barrier function responds directly to mechanical forces (63, 64) and to alterations in matrix stiffness (65) (66) (67) . In the kidney, mechanical forces play a critical role in maintaining endothelial barrier function (68) (69) (70) , while capillary functional alterations due to disturbed blood flow often lead to reduced vascular density, capillary rarefaction, and inflammation, which together exacerbate the progression of kidney fibrosis (71) (72) (73) . Together these observations identify multiple potentially important roles for epithelial and endothelial mechanosignaling in acute injury responses and the transition to fibrotic tissue remodeling.
While tissue-resident interstitial mesenchymal cells (including organ-specific fibroblasts, pericytes, and stellate cells) respond to signals from epithelial and endothelial cells, they also directly respond to changes in their mechanical environment. Moreover, as the primary matrix-producing cells, they also have the capacity to remodel their tissue mechanical environment. For example, stretch promotes fibroblast matrix production (74), which reinforces the tissue and ultimately shields resident cells from further stretch in an attempt to restore mechanical homeostasis (4) . In cases of pathological fibrotic remodeling, matrix stiffening promotes a nonhomeostatic feedback loop that amplifies matrix deposition in mesenchymal cells in a cell-autonomous fashion (27) . Cultured lung fibroblasts, HSCs, and portal fibroblasts all respond to pathophysiological matrix stiffness changes with increased ECM gene expression, protein production, and deposition (27, (75) (76) (77) (78) . Relative to physiologically compliant matrices, stiff matrices promote characteristics of mesenchymal activation, including proliferation, apoptosis resistance, contractility, and expression of an invasive phenotype (27, 77, 79) . Together, these findings implicate fibrotic tissue stiffening in the amplification of mesenchymal cell activation. Intriguingly, dynamically altering matrix stiffness can recapitulate not just HSC activation upon matrix stiffening, but also partial reversion of the myofibroblastic phenotype upon matrix softening (80, 81) , reinforcing the critical role of mechanics in determining mesenchymal cell fate. Similarly, pathological fibroblasts isolated from patients with idiopathic pulmonary fibrosis retain the capacity to become largely inactivated by culture on physiologically compliant matrices (82) . These studies accentuate the need to identify the mechanisms that orchestrate fibroblast mechanobiological responses.
environments. Similarly, the study of in vivo models that feature both tissue fibrosis and resolution may help identify cellular programs that drive both fibrotic scarring and regenerative healing. Much remains to be learned about how the mechanical environment evolves across the spectrum of injury, fibrosis, and tissue repair. But armed with the growing knowledge that such changes are important modifiers of cellular activation, it has become apparent that understanding the molecular mechanisms linking the physical tissue environment to the cell state is critical to our understanding of, and ultimately our ability to therapeutically address, fibrotic pathologies.
Cellular mechanosensing in injury, repair, and fibrosis
Cell mechanoresponses relevant to fibrosis. As early sentinels of homeostatic disruption, endothelial and epithelial cells have refined mechanosensing capabilities that allow them to detect fine changes in the physical environment. Multiple endothelial and epithelial mechanotransducers have been identified, including those in cell adhesion protein complexes, primary cilia, and mechanically gated ion channels (refs. 46-52 and Table 1 ). Mechanical activation of these sensory systems can alter endothelial and epithelial barrier function, inflammatory signaling, migration, invasion, and proliferation. Moreover, these cell types have the capacity to transmit signals to neighboring cells to amplify mechanoresponses. For example, endothelial cells are known to transmit signals to the surrounding microenvironment through angiocrine signals such as growth factors and chemokines (53) . Epithelial cells similarly tivity to cell-matrix adhesions. Adhesion complexes themselves are well known to integrate mechanical signals rapidly and thereby assemble on time scales immediately comparable to dynamic changes in internal or externally applied forces (89) . Proteomics-based efforts have illuminated the tremendous complexity of cell-matrix adhesion complexes beyond the core integrin adhesion machinery, identifying more than 500 individual proteins in the adhesome as well as dynamic alterations in adhesome composition depending on changes in the mechanical environment (90, 91) . Force-induced alterations to the composition, interactions, and activation state of signaling molecules within cellmatrix adhesions are thought to underlie the cellular response to the physical environment. However, the overwhelming complexity of these interactions has prompted a focus on downstream transcriptional points of signal integration (reviewed below), or on integrins themselves as upstream points of signal initiation. Interest in targeting integrins in fibrosis originally gained momentum with the delineation of α v β 6 integrin as a key mechanism for extracellular TGF-β activation, highlighting this integrin's therapeutic potential as a target in preclinical models of pulmonary and liver fibrosis (92) (93) (94) . Studies expanded the investigation of integrin targeting to additional organs and introduced smallmolecule integrin inhibitors, particularly directed at the α v subunit (95) (96) (97) (98) (99) . Recent cell biological studies reveal an important role for α v integrins in mechanosensing (100, 101), potentially linking these integrins to mechanobiological responses that occur in fibrotic tissue remodeling. Thus while integrin targeting remains complicated by the relatively limited repertoire and broad tissue distribution Mechanisms of cell-matrix mechanosensing. Adherent cells derive critical signals from their interactions with the ECM to regulate survival, morphology, migration, and higher-level cell phenotypes. The mechanical information transmitted from the ECM is largely processed through integrin-based adhesions, which provide a mechanical linkage from the ECM to the intracellular cytoskeleton and cellular signaling pathways (ref. 83 and Figure  2) . Integrins, comprising heterodimers of α and β subunits, recognize specific polypeptide sequences in ECM proteins. In mechanosensing, integrins serve as mechanical linkages and scaffolds upon which complex signaling interactions can be organized, as their short intracellular domains have no inherent signaling domains (83) . Activated integrins are bound to the actomyosin system through dynamic associations with integrin-or F-actinbinding proteins, such as talin and vinculin (84) . Sensing of matrix stiffness by cultured fibroblasts requires the coordinated interactions of integrins with fibronectin outside the cell, and with talin and actin inside the cell. Together these dynamically interacting proteins form a clutch mechanism whereby competing adhesion, contraction, and adhesion-reinforcement kinetics enable mechanosensitive assembly, growth, and maintenance of integrin-based cell-matrix adhesion complexes (85) . Specific integrin heterodimers display catch-bond behaviors (86, 87) , with decreasing offrate kinetics under increased loading. This feature permits the mechanical environment to further impact the interactions and behavior of specific integrins. The GPI-anchored glycoprotein Thy-1 has also recently been shown to modify integrin interactions (88), potentially amplifying or attenuating matrix stiffness sensi- Figure 2 . Mechanosensing mechanisms in injury, repair, and fibrosis. Cells receive mechanical cues via mechanosensitive proteins at the cell membranecytoskeletal cortex interface (e.g., PIEZO1/2), as well as cell-cell and cell-matrix adhesions, with cadherins and integrins being the most common mechanical signaling interfaces. Mechanical signal processing occurs through adhesion protein clustering, stabilization of protein-protein interactions (e.g., integrin-talin), and activation of biochemical and transcriptional signaling pathways. These signals may initiate at cell-cell or cell-matrix adhesion sites, or as a consequence of cytoskeletal remodeling (actin, myosin, Rho/ROCK) within the cytoplasm. Cytoskeletal remodeling can also transmit forces across the nuclear envelope (nesprins, lamins), potentially directly altering the environment for transcription. The combination of forces directly transmitted to the nucleus and the nuclear localization of mechanoactivated transcriptional regulators combine with a variety of epigenetic mechanisms to transiently or persistently alter cellular programs that drive injury, repair, and fibrosis responses.
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YAP and TAZ activate fibroblasts downstream of mechanosensing. The transcriptional cofactors YAP and TAZ were identified by Dupont et al. (121) as robust mechanosensors in endothelial cells
and mesenchymal stromal cells, translocating from the cytoplasm to the nucleus depending on matrix stiffness. Beyond mechanosensing, they serve as central nodes in cell signaling downstream of cell-cell adhesion, cell-matrix adhesion, and cytoskeletal signaling, in addition to regulation by metabolic and receptor-mediated signaling pathways (122) . YAP and TAZ are directly regulated by the kinases LATS1 and LATS2, with YAP/TAZ phosphorylation resulting in cytoplasmic sequestration or degradation (122) . The precise mechanosensing mechanisms that regulate YAP/ TAZ nuclear shuttling are still being defined. YAP and TAZ lack DNA-binding domains themselves, but mediate transcriptional effects predominantly through TEA domain factors TEAD1-4, as well as through interactions with several families of transcription factors that have been directly implicated in fibrosis, such as SMADs (downstream of TGF-β and BMP) and β-catenin (123) . In epithelial cells, YAP and TAZ mediate cell survival signaling, confer stem cell and reparative programs, promote mesenchymal transitions, and play roles in oncogenesis (122) . Recent work in lung, liver, kidney, and dermal fibroblasts implicates a conserved and pivotal role for YAP and TAZ in activating these cells toward profibrotic states (124) (125) (126) (127) (128) (129) . Verteporfin, a small-molecule inhibitor of YAP/TAZ interactions with TEADs, demonstrates promising proof-of-concept efficacy in preclinical fibrosis models (126, 127) . Together, these studies suggest central roles for YAP and TAZ in the fibrogenic cascade. Problematically, YAP and TAZ are widely expressed and important in numerous organ and tissue contexts, posing challenges to therapeutic targeting of this pathway. Interestingly, Rho/ROCK signaling appears to be a pivotal upstream regulator of both mechanical and receptor-mediated YAP and TAZ activation (121, 130) , suggesting that positive results with ROCK inhibitors in preclinical fibrosis models may reflect, in part, reduced YAP/TAZ activation (131, 132) . Ongoing efforts to identify genetic and molecular targets for YAP/TAZ selective inhibition may provide novel approaches to interrupt mechanical and receptor-mediated signals that promote fibroblast activation. Given their widespread expression and pleiotropic roles, identification of selective points for YAP and TAZ inhibition may be essential if their therapeutic potential is to be realized.
MRTFs coordinate profibrotic signaling in myofibroblasts. MRTF-A and -B (also referred to as MKL1 and MKL2) share many functional features with YAP and TAZ. Unlike YAP and TAZ, MRTFs are sequestered in the cytoplasm bound to G-actin, and their nuclear export and transcriptional interactions are regulated by G-actin interactions within the nucleus (133) . MRTF-A responds to increases in actin cytoskeleton assembly (decreased G-actin) with nuclear translocation and transcriptional function, while actin cytoskeleton disassembly results in nuclear export (133, 134) . Within the nucleus, these factors interact with serum response factor (SRF) to regulate gene programs (135, 136) , including a prominent role in regulation of contractile machinery genes in smooth muscle cells and myofibroblasts (75, 137, 138) . Similar to YAP and TAZ, MRTF is a major transcriptional regulator downstream of profibrotic signals, including TGF-β and Rho/ROCK pathways (135, 138, 139) . It also plays an important role in stiffof these key cell adhesion proteins, along with the complex intracellular signaling cascades triggered by cell adhesion, the promising results in preclinical models suggest the potential for integrins to emerge as viable therapeutic targets in fibrosis.
Cell-cell mechanosensing. Cells also derive important information, including mechanical signals, from cell-cell adhesions. The most studied of the cell-cell adhesion mechanotransducers are cadherin-based adhesions, which form via homotypic interactions between membrane-spanning cadherins on adjacent cells (ref. 102 and Figure 2 ). As in cell-matrix adhesions, the physical state of actomyosin tension plays an important role in the formation, organization, and downstream signaling from these cell-cell adhesion complexes, while the junctions themselves provide signals that regulate cell polarity, collective migration, barrier function, and cell state. Forces transmitted across cell-cell adhesions contribute to long-range tissue integrity and morphogenesis (103) and are essential to collective migration (104) . A well-described endothelial mechanotransducing complex that mediates responses to luminal shear is localized at cell-cell junctions and contains VE-cadherin, PECAM-1, and two VEGF receptors, VEGFR2 and VEGFR3 (105) (106) (107) (108) (109) (110) . Flow and mechanical force trigger engagement of PECAM-1 with the vimentin cytoskeleton and activation of an Src family kinase, leading to sequential activation of VEGF receptors, PI3K, and endothelial nitric oxide synthase, and generation of nitric oxide to regulate vascular tone. VEGF receptor tyrosine kinase inhibitors are well-tolerated therapies used to treat various malignancies, and preclinical studies show promise in promoting deactivation of myofibroblasts and treatment of fibrosis (111) .
Beyond shear sensing, cell-cell adhesions are critical to barrier function. Internally generated cytoskeletal forces or externally generative physical forces can disrupt cell-cell adhesion, altering both mechanical homeostasis and barrier function (64) . Recently, physical cues have been identified as important regulators of cellcell signaling via the Notch pathway (112) (113) (114) , with significant therapeutic implications for pulmonary, dermal, and renal fibrosis (60, 115, 116) . Thus, cell-cell adhesions provide both mechanical and biochemical signals that are likely relevant to both endothelial and epithelial injury, as well as the transition from injury to healing or fibrotic scarring. While less appreciated, interstitial cells such as fibroblasts also express cadherins that mediate physical cell-cell signaling cues to modulate cell phenotype (117, 118) , and recent studies specifically implicate cadherin 11 in fibrotic tissue remodeling (119) .
Transcriptional mechanosensing effectors
While cell-matrix and cell-cell adhesions are clearly key points of initiation for cell mechanosensing, their importance to normal physiology and the complexity of the downstream signaling mechanisms they engage present barriers to potential therapeutic intervention. Such complexity has been an important driver of efforts to identify downstream points of convergence in mechanical signaling implicated in fibrosis, with a focus on transcriptional effectors as rheostats that tune cell activation in response to mechanical cues. While a number of transcription factors have been implicated in mechanosensing (120), we focus here on YAP and TAZ and myocardin-related transcription factor (MRTF), which appear to be central coordinators of fibrosis-relevant mechanical responses in mesenchymal cells. jci.org Volume 128 Number 1 January 2018
ness-dependent fibroblast function (75) . Genetic deletion or pharmacological inhibition of MRTF attenuates fibrotic tissue remodeling (137, (139) (140) (141) (142) (143) , while small-molecule activation of MRTF accentuates myofibroblast activation and wound healing (144) . While YAP/TAZ and MRTF/SRF were originally thought to have distinct effects on downstream gene transcription (121) , several recent studies demonstrate overlapping effects and direct interactions between these pathways that suggest context-dependent cooperative and potentially counterbalancing effects (145) (146) (147) (148) . The hierarchical relationships between these two transcriptional regulatory families are likely to be complex and to encompass reciprocal interactions at the protein and transcript levels, in addition to interactions with epigenetic cell states (detailed below). Further elucidation of the interactive roles of MRTF with YAP/TAZ, as well as delineation of critical nodes in their upstream activation, is likely to provide new avenues for controlling cell fate in tissue injury and remodeling.
Mechanical regulation of nuclear dynamics in fibrogenic diseases
Signaling to the nucleus via transcription factors is not the only mechanism by which physical forces alter transcriptional responses, as studies show that biomechanical signals can also propagate to the cell nucleus via cytoskeletal linkages (ref. 149 and Figure  2 ). Several key mechanosensing proteins that connect the nuclear lamina to the cytoskeleton have been identified (150) (151) (152) (153) (154) (155) . These critical structural components of the nuclear lamina, such as lamins and nesprins (which form the LINC complex), can directly interact and control chromatin organization, thereby restricting or promoting the accessibility of transcription factors to specific genetic loci (156) (157) (158) (159) (160) . In a recent paper, Alam and colleagues showed that the increased cell spreading and traction forces that occur on stiff substrates compared with soft substrates alter nuclear stresses, which in turn impact gene transcription (156) . This study and others suggest that nucleus-cytoskeleton interconnectivity regulates genome-wide transcriptional responses to substrate rigidity (156, 161, 162) . These observations raise the possibility that alterations in tissue mechanical environments may directly influence nuclear architecture and gene transcription during injury and fibrotic tissue remodeling, and suggest that increases in matrix stiffness may contribute to persistent global changes in gene transcription.
A number of studies have shown that loss of integration between actin cytoskeletal filaments and mechanosensitive components of the nuclear lamina alters the transcriptional machinery and leads to mesenchymal dysfunction and organ fibrosis (163, 164) . Absence of lamins or mutations in these structural nuclear components often lead to an impaired cellular response to mechanical stress and disturbances in cytoskeletal organization resulting in increased tissue fibrosis (165, 166) . Mouse fibroblasts deficient in LMNA (encoding lamin A/C) display defective TGF-β signaling that leads to increased cell proliferation and collagen production (167) . In skeletal muscle, lack of the lamin A-binding protein nesprin 1 reduces connectivity of the nuclear envelope to the actin cytoskeleton, resulting in severe fibrotic tissue responses and altered local tissue stiffness (165) . Moreover, it has been shown that the lamin A-interacting proteins MAN1 and emerin can control TGF-β signaling by binding and sequestering SMAD proteins at the nuclear periphery, resulting in deficient SMAD/DNA interactions and altered TGF-β responses (168, 169) . Additionally, lamin A and emerin can modulate actin polymerization to control nuclear localization and activation of MRTF, suggesting the existence of a feedback loop between mechanical and biochemical regulation of profibrotic gene transcription (170) . More broadly, patients bearing mutations in the LMNA gene develop genetic disorders called laminopathies, which are characterized by tissue fibrosis (171, 172) . Interestingly, laminopathies display clinical phenotypes comparable to those seen for diseases resulting from genetic defects in cytoskeletal components (173, 174) , further indicating that alterations in the mechanocoupling between the cytoskeleton and nuclear envelope, which plays a central role in maintaining the cell's mechanical properties, may promote fibrosis.
Epigenetic mechanoresponses
Integration of mechanosignaling with epigenetic machinery. Epigenetics, including DNA methylation, histone modification/ chromatin remodeling, and RNA-based machinery, refers to the study of heritable changes in gene expression that occur without changes in the DNA sequence. Previous studies have shown that epigenetic alterations regulate gene expression and contribute to the development of numerous diseases, including fibroproliferative disorders (175) (176) (177) . Altered epigenetic mechanisms may be responsible for perpetuating the activated state of scar-associated fibroblasts by modulating the transcriptional activity of genes involved in fibrosis progression (178) .
While the biochemical signals driving epigenetic changes during fibroblast activation are well established (175) (176) (177) , the role of mechanical force-induced epigenetic modifications and chromatin remodeling in regulating mesenchymal cell behavior is still emerging. Recent studies show that mechanical cues and matrix stiffness can affect nuclear functions including chromatin organization and global epigenetic state of the cells (179) (180) (181) . Based on the knowledge that epigenetic information passes from cell to cell through cell divisions, mechanical forces may exert long-term changes to gene expression by altering the epigenetic landscape. Emerging studies shed light on the influence of actin cytoskeleton on chromatin organization and its accessibility to the transcription machinery (180, 182, 183) . It was recently proposed that alterations in cytoskeleton tension are correlated to changes in the levels of histone acetylation (184) , and mechanical stress has been linked to an increase in histone 3 (H3) and H4 acetylation, thereby promoting formation of transcriptionally active chromatin. One mechanism by which mechanical stress alters histone acetylation is through actin filament-mediated sequestration of histone deacetylases (HDACs), suggesting that cell cytoskeleton can directly alter gene expression by regulating the nuclear shuttling of epigenetic regulators (185) . Consequently, inhibition of actin-myosin contractility with blebbistatin impairs mechanical stress-driven chromatin alteration (185) .
Previous studies have shown that TGF-β induces deposition of H3 lysine 4 (H3K4) marks on profibrotic gene promoters in fibroblasts that are crucial to their profibrotic activity (186) . Interestingly, the binding of SMADs to their target promoters during TGF-β-stimulated fibroblast activation is modulated by H3K4 methylation in an MRTF-A-dependent manner (186, 187 Epigenetic influence of mechanical memory. A growing body of evidence supports the notion that cells not only respond transiently to mechanical signals, but can also "memorize" mechanical information presented by the local microenvironment and integrate such information through epigenetic mechanisms (188) . It has been proposed that mechanical memory retained by fibroblasts may have long-term effects on these cells, thereby influencing cell fate decisions (188, 189) . A recent paper by Li and colleagues reveals an important link between mechanical memory and miR-21 synthesis (190) . miR-21 has been shown to regulate the transcription of numerous profibrotic genes in fibroblasts and has been proposed as a potential therapeutic target in fibrosis (191, 192) . Li and colleagues showed that freshly isolated mesenchymal stem cells cultured for several passages on supraphysiological stiff substrates (tissue culture dishes) upregulate miR-21 expression and subsequently acquire scarring features that persist after these cells are subcultured on compliant substrates. Moreover, they demonstrated that the mechanoregulator MRTF-A promotes miR-21 transcription in cells cultured on stiff substrate but fails to do so in cells cultured on soft substrates. These observations, while not yet established in the context of tissue fibrosis and resident mesenchymal cells, suggest that MRTF-A may integrate mechanical signals from the local cellular microenvironment with epigenetic control of gene transcription to induce persistent profibrotic behaviors that perpetuate disease progression.
Taken together, these observations support a potentially crucial role for epigenetic mechanisms in linking mechanosensing to fibrogenic disorders. While rapid advances have been made in development of pharmacological tools to target the epigenetic landscape (193, 194) and several epigenetic therapies have already been approved for cancer treatment (195, 196) , no epigenetic drugs for the treatment of fibrotic diseases have yet reached the clinical arena. Based on the emerging links between mechanical forces and epigenetic regulatory mechanisms, and the apparent crosstalk between mechanosensitive transcriptional effectors and chromatin dynamics, it may be possible to identify therapeutic strategies that target the epigenetic machinery of diseased cells to efficiently "erase" their persistent fibrogenic memory and reestablish their quiescent state.
Conclusions
Mechanical homeostasis, the capacity to generate and maintain an organ-and tissue-level mechanical environment that supports function, is a hallmark of physiological systems. Injury fundamentally alters mechanical homeostasis and initiates reparative processes that include recruitment and activation of resident mesenchymal cells. As summarized here, we believe that fibrosis ultimately represents a failure to reestablish mechanical homeostasis, thereby engaging a default pathway of mechanosensitive cellular activation through cell-matrix-mediated transcriptional and epigenetic mechanisms, leading to progressive ECM deposition and tissue destruction. Recent advances in the study of tissue repair, fibrosis, and mechanosensory signaling mechanisms have begun to reveal how mechanical environments form in normal, injured, repairing, and fibrotic tissue and how these environments are maintained and signal to resident cells. Translating these insights into clinical and therapeutic interventions may enable new approaches to treat fibrotic tissue remodeling.
